The tendency to seek stimulating activities and intense sensations define excitement-seeking, a personality trait akin to some aspects of sensation-seeking. This trait is a central feature of extraversion and is a component of the multifaceted impulsivity construct. Those who score high on measures of excitement-seeking are more likely to smoke, use other drugs, gamble, drive recklessly, have unsafe/unprotected sex and engage in other risky behaviors of clinical and social relevance. To identify common genetic variants associated with the Excitement-Seeking scale of the Revised NEO Personality Inventory, we performed genome-wide association studies in six samples of European ancestry (N ¼ 7860), and combined the results in a meta-analysis. We identified a genome-wide significant association between the Excitement-Seeking scale and rs7600563 (P ¼ 2 Â 10 À8 ). This single-nucleotide polymorphism maps within the catenin cadherin-associated protein, alpha 2 (CTNNA2) gene, which encodes for a brain-expressed a-catenin critical for synaptic contact. The effect of rs7600563 was in the same direction in all six samples, but did not replicate in additional samples (N ¼ 5105). The results provide insight into the genetics of excitementseeking and risk-taking, and are relevant to hyperactivity, substance use, antisocial and bipolar disorders.
Introduction
Genome-wide association studies (GWAS) have reliably identified common genetic variants associated with complex traits and diseases. [1] [2] [3] [4] For personality traits, as for other psychological and psychiatric conditions, finding genomewide significant associations has been difficult, [5] [6] [7] [8] [9] presumably because of relatively small effects and sample sizes. By combining results from multiple cohorts, however, a meta-analysis based on the NEO five-factor inventory found genome-wide significant associations for Openness to Experience and Conscientiousness, two of the five major dimensions of personality. 10 In addition to the five broad factors, recent studies have examined more narrowly defined personality facets, with promising results. 11, 12 Using a meta-analytic approach, in this article we report a genome-wide significant association with excitementseeking, a facet of personality with clinical and health implications.
Excitement-seeking is a personality trait that reflects an individual's tendency to crave stimulation and thrills. 13, 14 This trait, akin to some aspects of sensation seeking, is a major component of the multifaceted impulsivity construct and is a core defining feature of extraversion. [13] [14] [15] [16] [17] Excitement-seeking is also conceptually related to the approach-oriented motivation system and the behavioral activation system. 15, [18] [19] [20] [21] Those who score high on measures of excitement-seeking tend to engage in exciting activities, crave intense sensations, pursue a high level of arousal and are generally attracted by bright colors and crowded environments. They are more likely to take unnecessary risks for thrills (for example, skydiving) and engage in risky behaviors and dangerous activities just for fun. The behavioral consequences of this trait are more common among adolescents and young adults, who compared with older adults are generally more likely to seek excitement. 22, 23 In addition, male subjects tend to score higher on measures of excitement-seeking compared with female subjects, a pattern observed in countries around the world. 23, 24 This trait is of interest because it accounts for individual differences in basic psychological processes, and because it is linked to many risky behaviors, including cigarette smoking, alcohol and other drug use, reckless driving, gambling and unsafe/unprotected sex. 14, 17, [25] [26] [27] [28] [29] [30] These excitement-seeking-related behaviors do not necessarily lead to psychiatric conditions or antisocial behaviors. 17, 29, 30 Still, the above links suggest that excitement-seeking, especially in combination with other impulsivity-related traits, may increase risk for externalizing disorders. Twin studies point to a shared genetic vulnerability of externalizing disorders, and a large portion of the common genetic liability is accounted for by impulsivity-related personality constructs, such as behavioral undercontrol and disinhibited personality. [31] [32] [33] Furthermore, excitement-seeking behaviors are common in attention deficit/hyperactivity disorders and are heightened during manic states in patients with bipolar spectrum disorders. [34] [35] [36] [37] According to behavioral genetic studies, about 50% of the variance in excitement-seeking is heritable. [38] [39] [40] Yet, little is known about the actual genetic variants that contribute to this and other impulsivity-related traits. 41 To identify common genetic variants associated with excitement-seeking, we meta-analyzed results of GWAS from six cohorts of European ancestry, all assessed with the Excitement-Seeking scale of the Revised NEO Personality Inventory (NEO-PI-R). 13 We further tested whether any single-nucleotide polymorphisms (SNPs) significantly associated with the Excitement-Seeking scale in the meta-analysis replicated in additional samples.
Materials and methods
Samples description. Each study was reviewed and approved by local institutional review boards and informed consent was obtained in all studies. The samples contributing GWAS results for the meta-analysis are briefly described below in order of sample size, followed by the description of replication samples.
SardiNIA. The SardiNIA project is a prospective communitybased cohort study that recruited over 62% of the population from four towns in the Ogliastra province of Sardinia, Italy. 42 All subjects are of European ancestry and they derive from one of the oldest and largest founder populations. 43 A total of 4375 subjects had valid scores on the NEO-PI-R and were genotyped using Affymetrix mapping array sets as described in previous studies. 7, 11, 42 The sample includes 57% women and ranged in age from 14 to 94 years (M ¼ 42.5, s.d. ¼ 17). Additional information on the sample has been reported elsewhere. 7, 11, 42 Estonian Genome Center of University of Tartu. The Estonian sample comes from the population-based biobank of the Estonian Genome Center of University of Tartu (EGCUT). A total of 51 515 individuals aged 18 years or older were part of this cohort (33% male, 67% female). Subjects were randomly recruited by general practitioners and physicians in hospitals. This study is based on 1031 randomly selected subjects with data available from both the Illumina HumanCNV370 genotype and the NEO-PI-3 questionnaire, 44 which is a more readable version of the NEO-PI-R. The items for excitement-seeking are identical across the two measures, except for one. This item slightly improves internal consistency, but does not affect the mean level of the scale. 45 The sample was 53.7% women and the age range was 18-87 years (M ¼ 43.0, s.d. ¼ 16.5). Additional information on the sample has been reported elsewhere. 46 Baltimore Longitudinal Study of Aging. The Baltimore Longitudinal Study of Aging (BLSA) is an ongoing multidisciplinary study of community-dwelling volunteers mainly from the east coast of the United States. 11, 22, 47 The GWAS analysis was restricted to subjects of European ancestry to reduce population stratification biases. A total of 840 subjects (46% women) were successfully genotyped (using the Illumina 550K array) and completed the personality questionnaire at least once. In this sample, age at first assessment ranged from 20 to 93 (M ¼ 58.5; s.d. ¼ 17). In the BLSA sample, multiple personality assessments were available for most participants. Although individual differences on personality traits are generally stable over time, 22, 47 we combined all available assessments for each individual, for a total of 3879 assessment points. By averaging across multiple time points, we reduce variability due to temporary effects and random error, thereby obtaining more reliable and robust personality score estimate. 49 Both phenotypes and genotypes were available for 782 individuals (59.5% female) from 437 families and included 101 monozygotic twin pairs. Genotyping for this sample is described in ref. 50 (see Project5: ADOL deCODE).
Germany. A total of 2420 healthy control participants were randomly selected from the general population of Munich, Germany, and contacted by mail. We included 476 individuals with GWA data (Illumina HumanHap300 chip) in this study. Several screenings were conducted to exclude subjects with current or lifetime history of neuropsychiatric disorders or with first-degree relatives with psychiatric disorders. Only participants with German descent (all four grandparents German) were included. A large battery of personality questionnaires was administered, including the NEO-PI-R. The sample (56% females) mean age was 46 years (s.d. ¼ 15).
Cilento. The Cilento study is a population-based study that includes 2137 individuals from three isolated populations in South Italy. Of these individuals, 859 were genotyped on the 370K SNP map from Illumina. Personality data were available for 343 genotyped subjects representing the final sample. Of this sample, 65.6% were women, and the mean age of all participants was 58.9 years (s.d. ¼ 19).
EGCUT: replication sample. A first replication sample consisted of 608 subjects from the EGCUT Estonia cohort described above. The subjects in the replication sample were not included in the GWAS. This sample was assessed with the NEO-PI-3 and genotyped using TaqMan method (Applied Biosystems by Life Technologies). The sample included 63% women and ranged in age from 18 to 87 years (M ¼ 41. 51 There are eight items in the Excitement-Seeking scale of the NEO-PI, with four items that are identical to the NEO-PI-R. There were 1454 subjects with both valid phenotype and genotype data (57.3% women). The mean age of the subjects was 63.4 years (s.d. ¼ 2.9).
DNA was extracted from the blood samples and genotyping was performed with the modified Illumina 610K chip by the Wellcome Trust Sanger Institute (Cambridge, UK). Detailed information on the selection of the HBCS participants and on the study design can be found elsewhere. [52] [53] [54] Netherlands Twin Register: replication sample. A third replication sample consist of 3043 (62% female; age: M ¼ 39.6, s.d. ¼ 14) genotyped subjects from the Netherlands Twin Register study, 55, 56 who completed Zuckerman's Sensation-Seeking scales 18, 57 at multiple time points (in 1991, 1993, 1997, 2000, 2002 ; the available average scores were used in the analyses). The Sensation-Seeking questionnaire consists of four scales: Thrill and Adventure-Seeking, Experience-Seeking, Disinhibition and Boredom Susceptibility. Except for Boredom Susceptibility, the Sensation-Seeking scales are significantly correlated with the NEO-PI-R Excitement-Seeking scale (r ¼ 0.53 with Thrill-and AdventureSeeking; r ¼ 0.36 with Experience-Seeking; r ¼ 0.49 with Disinhibition), 58 but these scales share o30% of the variance. We examined whether any common genetic variant significantly associated with the NEO-PI-R Excitement-Seeking scale is also associated with the Zuckerman's Thrill-and AdventureSeeking, Experience-Seeking and Disinhibition scales.
Excitement-seeking assessment
The excitement-seeking personality trait was assessed with the NEO-PI-R. 13, 23 The scale consists of eight items answered on a five-point Likert scale, from strongly disagree to strongly agree. After reversing two negatively keyed items, the summed scores were standardized (M ¼ 50, s.d. ¼ 10) in all samples using American combined gender norms. 13 The Despite a decline in excitement-seeking with age, which we control in each study by using age as a covariate, the rankorder of individual differences on the NEO-PI-R excitementseeking is highly stable. For example, in a BLSA sample of 676 adults followed for an average of 10 years, the uncorrected test-retest correlation for excitement-seeking was r tt ¼ 0.74. Correcting this value for attenuation due to measurement error would give a stability estimate of about 0.90.
38,47
Genotyping and imputation. DNA was extracted from blood in all samples. Genotyping was performed using Illumina or Affymetrix mapping array sets, as noted above for each sample. Extensive quality control analyses were performed in each cohort and at the meta-analysis stage. The standard quality screening conducted independently in each sample included SNP and sample call rates (X95%), minor allele frequencies (X1%), Hardy-Weinberg equilibrium (Po10
À6
), Mendelian errors, gender inconsistencies and checks for population stratification.
To allow for meta-analysis across different marker sets, all studies used their genotype data to impute the autosomal HapMap phase II CEU SNPs. The NCBI build 36 was used as reference. The imputation was performed using the MACH (http://www.sph.umich.edu/csg/abecasis/MACH/) or IMPUTE (https://www.mathgen.stats.ox.ac.uk/impute/impute.html) software.
Statistical analyses. Each study independently performed single marker association analyses with excitement-seeking using an additive genetic model implemented in MACH2DAT (http://www.genome.sph.umich.edu/wiki/Mach), SNPTEST (http://www.stats.ox.ac.uk/~marchini/software/gwas/snptest. html), MERLIN (http://www.sph.umich.edu/csg/abecasis/ Merlin/) or ABEL (http://www.mga.bionet.nsc.ru/~yurii/ ABEL/). These imputation and association analyses software have been used successfully in numerous other GWAS. Age and sex were used as covariates in each study. Additional study-specific covariates were added as needed, such as principal components to account for population admixture. For the BLSA sample, we aggregated data across multiple assessments; therefore, the mean age was used as covariate. For the SardiNIA sample, an additional covariate was used to control for differences related to test administration (subjects who required a tester to read and report answers to the questionnaire).
We ran the meta-analysis using the program METAL (http:// www.sph.umich.edu/csg/abecasis/Metal/). We used the inverse variance method, which is based on regression coefficients (b values) and standard errors (s.e.) from each individual study. Before the meta-analysis, we filtered out SNPs with imputation quality r0.30 (r 2 -hat from MACH) or r0.40 (proper_info from IMPUTE), and genomic control (l) correction was applied to the results from each study. Before correction, the genomic inflation factors l were 1.021 for SardiNIA, 1.011 for EGCUT, 1.058 for BLSA, 1.005 for QIMR, 1.010 RUJ-Germany and 1.022 for Cilento, providing little evidence of an increased false-positive rate due to stratification. As further quality control, we tracked differences in allele frequency among the cohorts for the most strongly associated SNPs. The meta-analysis was independently run by two analysts at two sites (United States and Estonia). The reported P-values were from two-tailed tests, unless otherwise specified.
Subjects in cohorts such as the SardiNIA and BLSA are characterized on hundreds of traits and disorders. Assessing multiple phenotypes in the same genotyped cohort is a costeffective strategy, 59 but it might raise the issue of correction for multiple independent tests. To balance the risk of false positives against the risk of false negatives, 60 ,61 a corrected P-value o5 Â 10 À8 (the standard 0.05 divided by 1 million independent SNP tested) was considered genome-wide significant. P-values o5 Â 10 À8 are generally recognized as significant in GWAS, irrespective of the exact number of SNPs and phenotypes tested in a particular study.
Results
We meta-analyzed the results from six GWAS using over two million genotyped or imputed SNPs and the ExcitementSeeking personality scale. The six samples included 7860 subjects, all of European ancestry. The genomic inflation factor for the meta-analyzed results (l ¼ 0.995), and the quantile-quantile plot (Q-Q plot; Figure 1a) showed no evidence of inflated test statistics, with all SNPs falling on the diagonal line of the observed vs expected P-values, with the exception of the few SNPs on the extreme tail of the distribution with a strong association signal. As reported in Table 1 (see Supplementary Table S1 for SNPs with P-values o10
À3
) and shown in the Manhattan and regional plots (Figures 1b and 2) , the meta-analysis revealed a genomewide significant association (rs7600563; P ¼ 2 Â 10
À8
) on chromosome 2, within an intron of the gene catenin (cadherinassociated protein), alpha 2 (CTNNA2). CTNNA2 is a brainexpressed gene that plays a major role in synaptic plasticity, and has been associated with bipolar disorder, 62 attention deficit/hyperactivity disorders 63 and schizophrenia. 64 As depicted in Figure 2 , a gene within 200 kb of rs7600563 is the leucine-rich repeat transmembrane neuronal 1 (LRRTM1). LRRTM1 is thought to be involved in neuronal differentiation and connectivity, and it has been associated with handedness and schizophrenia/schizoaffective disorder. 65 The association between excitement-seeking and rs7600563 was in the same direction in all six samples (Figure 3) , and there was no evidence of heterogeneity (Q ¼ 4.2, d.f. ¼ 5, P ¼ 0.52). Each copy of the T allele (frequency 69%) was associated with almost 0.1 s.d. higher Excitement-Seeking scores. The strongest association between excitement-seeking and rs7600563 was found in the BLSA sample (Figures 3 and 4) . The SNP rs7600563 was directly genotyped in the BLSA sample (Hardy-Weinberg equilibrium, w 2 ¼ 0.95, P40.05), and it was imputed in the other samples with good imputation quality (40.90). Table 1 and Figure 2 show that a number of SNPs within CTNNA2 had a strong signal, all of them in high linkage disequilibrium with rs7600563.
Replication analyses. We tested whether the association between excitement-seeking and rs7600563 was replicated Figure 2 Regional plot of the association between catenin cadherin-associated protein, alpha 2 (CTNNA2) single-nucleotide polymorphisms (SNPs) and excitement-seeking. Notes: Each dot represents an SNP, with the chromosomal position on the x axis and the P-value on the y axis. The color of the dots depicts the HapMap CEU derived r 2 between the SNP with the strongest signal (rs7600563) and the other SNPs in the region. Plot was generated using LocusZoom, 72 http:// www.csg.sph.umich.edu/locuszoom. 
Discussion
Across six studies, with a total of 7860 subjects, we found a genome-wide significant association between rs7600563, a common variant in CTNNA2 and the Revised NEO Personality Inventory Excitement-Seeking scale, a trait measure of thrill-seeking and risk-taking behaviors (P ¼ 2 Â 10 À8 ). Although the association was not replicated in two additional samples, it showed a trend (P ¼ 0.08) with a related sensation-seeking scale. Excitement-seeking was one of many traits that we tested, so the likelihood of finding a significant association may be inflated by multiple testing. Even a modest correction would render the effect nonsignificant. Still, this association points to a gene with clear biological relevance for brain structure and function, and can provide insight into the biological bases of individual differences in excitement-seeking and impulsive tendencies.
CTNNA2 is a large (B1 Mb) gene on chromosome 2 that is conserved across species. Microarray expression data (see http://www.genome.ucsc.edu) indicate that CTNNA2 is strongly expressed in the central nervous system, especially in the prefrontal cortex, temporal lobe, cingulate cortex, hypothalamus and amygdala. These structures are responsible for executive function, memory, learning, energy balance and emotion-related processes that are likely to be involved in the regulation of excitement-seeking tendencies. Outside the brain, there is little expression of CTNNA2 in other tissues, except for the testis. CTNNA2 encodes for a cell-adhesion protein known as aN-catenin, which plays an important role as regulator of synaptic plasticity: it binds cadherins and the actin cytoskeleton, and as such is essential for maintaining the stability of dendritic spines and synaptic contact. 66, 67 Deletion of the homologous gene in mice causes cerebellar and hippocampal lamination defects, axon migration defects and other deficiencies in brain morphogenesis. 68, 69 Mice with deletion of Catna2 show a number of abnormal behaviors, including cerebella ataxia, impaired startle modulation and deficits in fear conditioning. These mice had stronger acoustic startle responses to intense/abrupt auditory stimuli and compromised startle modulation following prepulse inhibition or fear conditioning. 68 Furthermore, the expression of a Catna2 transgene in mice with partially deleted Catna2 restored brain morphology and behavioral performance, 68 confirming the role of Catna2 and catenin-cadherin celladhesion complexes in the brain structure and behaviors. The mouse model, knowledge of the protein function and the gene expression profile all point to potential neurophysiological mechanisms underlying the association we identified with a bottom-up molecular genetic approach.
The search for exciting and stimulating activities and environments are common human behaviors, but in the extreme such behaviors can be symptoms of psychiatric disorders. In that regard, it is worth noting that a common variant in CTNNA2 has been associated with bipolar disorder in a meta-analysis of GWAS that included 3683 cases and 14 507 controls. 62 Similarly, a GWAS of pooled DNA also reported evidence that CTNNA2 is involved in attention deficit/ hyperactivity disorders. 63 CTNNA2 has been considered a susceptibility gene for schizophrenia, based on microarray analyses and qPCR-confirmed differences in gene expression in post-mortem brain tissue of schizophrenic patients compared with controls. 64 Although these findings need further replication, they may suggest a pleiotropic action of CTNNA2, and supports the notion that genes that harbor common variants associated with personality traits might harbor additional variants associated with more extreme behavioral, emotional and cognitive phenotypes that fall under psychiatric nosology. Other GWAS have pointed to shared genetic susceptibility for a number of psychiatric disorders. 11, 63, 70, 71 In conclusion, our systematic search across the genome for variants associated with the Excitement-Seeking scale identified a locus within CTNNA2, an a-catenin widely expressed in the central nervous system and critical for brain morphogenesis and synaptic plasticity. Furthermore, this study provides association results for a large number of additional SNPs across the genome that showed nominal associations with excitement-seeking (see Supplementary  Table S1 ), which may be a valuable resource for future research. Identifying genetic factors associated with excitement-seeking is a valuable step forward to pinpoint biological mechanisms underlying risk-taking behaviors. Furthermore, this association is relevant to a number of related psychiatric conditions, and for dangerous behaviors that have serious medical, psychological and societal consequences.
Conflict of interest
Paul T Costa Jr received royalties from the Revised NEO-PI. The other authors declare that they have no conflict of interest.
